The results of high precision measurements of the dielectric susceptibility ε(T ) of solid oxygen in the low temperature α and β phases that have highly frustrated orientational interactions, are compared with the results of earlier studies of the thermal behavior of ε(T ) in solid N2-Ar mixtures. In the latter case the combination of disorder and frustration results in orientational glass states and strong hysteresis effects are observed for thermal cycles. The onset of the hysteresis marks the boundaries between the glass states, the long range periodically ordered state and the disordered state. A similar behavior is observed for solid O2 without substitutional disorder. In the β-phase of solid O2 the magnetic moments form a frustrated helical structure which transits to a non-magnetically frustrated collinear anti-ferromagnet in the α-phase. The molecular orientations form a highly frustrated linear alignment in both phases.
Introduction
The concepts of frustration [1, 2] and replica symmetry breaking [3] have been introduced to describe the characteristic aging and thermal histories of glass systems as a universal phenomenon in terms of generalized fluctuation dissipation theorems (GFDT) . Recent studies of thermal hysteresis effects observed for the orientational glass states of solid N 2 -Ar mixtures [4] and the frustrated magnetic phases of solid O 2 provide a test of recent models of GFDTs for glass systems in which the frustration and disorder are understood from first principles.
The orientational glasses [5, 6, 7] in which electric quadrupole (or higher order) moments become frozen in random orientations at low temperatures, provide a unique opportunity for probing the non-equilibrium dynamics of frustrated glass formers as the interplay between disorder and frustration can be explored systematically and the relevant time scales for observing glassy dynamics and aging phenomena are easily accessible to a variety of experimental techniques. These studies are important because it has been proposed that the orientational glasses provide a conceptual link between the magnetic spin glasses and the structural glasses. 
Generalized Fluctuation-Dissipation Relation
In non-equilibrium glass states, the evolution depends on the history of the sample. If the system is cooled rapidly below a characteristic temperature, T D , and one waits for a time t w before applying a stimulus (applied field, pressure or temperature change), the final states and the decay of response functions depend significantly on t w because of the modification of the free energy landscape during t w . By considering a generalized correlation function for the order parameters q(t)
Cugliandolo and Kurchan [8] were able to show that for large times t w , the integrated response function
(where R(t, t ′ ) is the traditional equilibrium response function for the q i (t)) satisfied a more general off-equilibrium fluctuation-dissipation relation (GFDR) given by
X (C) is a well-defined function that depends on the class of glass. In mean field models, X (C) is determined by the overlap of the generalized spin configurations, and specifically by the curvature ν ′′ of the random energy distribution function. The GFDR has been verified numerically [9] for 3D spin glasses and also for binary mixture models of fragile glasses. [10] The behavior of the integrated response function is illustrated in Fig. 1 . The important result is that for large t w , ∂R I /∂C collapses to a universal curve with slope −X (C), i.e. the fluctuation dissipation relation is violated in the same way for all observables at the same time.
Aging Regime FDT Regime R I Figure 1 . Schematic variation of the integrated response function R I (t, t w ) with the glass order parameter C(t, t w ). The aging regime is given by the curve (ν ′′ ) − 1 2 and the straight line specifies the FDT regime, X (C) = 1. At large times the correlation function obeys an aging relation with C(t, t w ) depending only on the ratio t/t w . Temperature cycles from β + to β − (β = 1/k B T ) erase the bold line corresponding to a reinitialization of the aging scale.
Dielectric Response Functions.
Measurements of the anisotropic component of the dielectric susceptibility have been used to explore the aging dynamics and non-equilibrium behavior in classical orientational glasses formed by (N 2 ) x -Ar 1−x solid mixtures. The anisotropic component of the polarizability of an ensemble of non-polar molecules is directly related to the local order parameters. The results of these studies revealed clear thermal hysteresis effects on thermal cycling through the transitions to the glass states (Figure 2 ). Figure 2 . Measurements of the dielectric constant of solid N 2 -Ar mixtures [4] . The onset of the hysteresis and the closure at low temperatures on exiting the glass state were used to determine the phase diagram for the different ordered states (long range, glass and disordered). The α-phase is a long range ordered Pa 3 structure, the β-phase is an orientationally disordered state, and the orientational glass state has a broad distribution of local order parameters.
In order to understand the role played by substitutional disorder in the thermal hysteresis observed for the orientational glass states we carried out studies of the dielectric susceptibility ε for the frustrated magnetic phases of solid O 2 which has three phases: the α-phase (T<23.8 K) for which the magnetic moments are ordered collinearly in the a-b plane with molecular axes ordered along the c-axis, a β-phase (23.8<T<43.8 K) with the magnetic moments forming a frustrated helical magnetic order and the molecular axes aligned along the c-axis, and a high temperature γ-phase (T>43.8 K) for which the magnetic moments and the molecular axes are disordered. The results (Figure 3) show strong hystereses that scale with the temperature excursion (δT) in the frustrated α and β phases.
Cugliandolo and Kurchan [11] were able to show that for simple replica symmetry breaking, X ∼T/T dyn for T> 0.2T dyn where T dyn represents the energy scale for glassy dynamics compared to X ∼ 1 (classical FDT behavior) for low T. For the hystereses observed for solid N 2 -Ar mixtures we were able to show that the area of the hystereses H = k B T ∆R I scaled as (δT/T dyn ) 2 for T dyn =T G , the experimental glass ordering temperatures. The question arises as to whether this interpretation for the variation of H with δT is valid for the thermal hysteresis observed in solid O 2 for which there is no substitutional disorder but for which the interactions are highly frustrated. In order to compare the results we have plotted the hystereses (normalized to their maximum value) in Figure 4 as a function of the normalized temperature excursions δT/T dyn where T dyn = 33.5K (comparable to the exchange energy for molecular O 2 ). The experimental points can be fitted (Fig.4) by a linear variation for T/T dyn < 0.26 (classical FDT) and a quadratic variation (replica symmetry breaking) for T/T dyn > 0.26, similar to the trend reported by Parisi [10] . 
Conclusion
Although there is a distinct difference in the local ordering for the molecular axes in solid O 2 compared to the orientational glasses formed by solid N 2 -Ar mixtures, the observed hystereses for the dielectric susceptibility show common features. First they scale with the temperature excursion in the frustrated phases; and second, while the absolute values vary considerably, the areas of the hystereses also scale with the dynamical temperature, T dyn where T dyn =33.5 K for solid O 2 and is taken as the onset of glass ordering for the solid N 2 -Ar mixtures (which vary with N 2 concentration). These results are consistent with the predictions of Cugliandolo and Kurchan using a generalized fluctuation dissipation theorem for simple replica symmetry breaking.
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